The rate of 02 uptake by excised Sama pulvini osciDlates with a circadian rhythm during 52 hours ofdarkiess. Rates of respiration increase during pulvinar opening and decrease prior to and during closure, consistent with the concept that opening requires a greater expenditure of energy.
sucrose, which is necessary to sustain the rhythm in excised darkened Albizzia leaflet pairs (5) or Samanea pulvini (9) , is required for closure rather than opening. This requirement is incompatible with maximum ion pump activity during opening, if the primary function of sucrose is that of substrate for the synthesis of ATP. To gain deeper insight regarding energy utilization and the role of sucrose, we measured rates of respiration in excised Samanea pulvini supplied with H20 or sucrose during a 52-h dark period.
MATERIALS AND METHODS S. saman plants were grown from seed in controlled growth chambers as previously described (7) added to the center well to absorb CO2. 02 uptake was measured at 15-min intervals for periods lasting 90 min.
Method 2. Terminal secondary pulvini with attached 2-cm section of rachilla were excised at the beginning of the dark period using the method shown in Figure 3 of reference 7, and their rates Of 02 uptake were measured at regular intervals for the entire 52-h experimental period. The rachillae were placed in the center well, which contained 0.4 ml of either 50 mm sucrose or H20, while 0.3 ml 20%o KOH was added to the surrounding compartment. Thus the usual functions of the Warburg reaction flask compartments were reversed. Sucrose and H20 solutions were changed every 6 or 12 h to minimize the growth of bacteria, or possible contamination by substances secreted through the rachillae. 02 uptake was measured at 20-min intervals for 60 min, and then the stopcocks were opened to permit the air in the flasks to equilibrate with that in the room; this process was repeated every 2 h. Concurrent with the measurement of respiration in Figure 3 , pulvinar movement was monitored at 2-h intervals for nine different pairs of pulvini incubated in darkness at 27.5 C. Angles were estimated by comparison with angles on a chart. Figure I shows variation in the rate of respiration during a 48-h period, measured by the first method, as leaflet angle oscillated between 0 and 1100. Despite considerable scatter, the rates are suggestive of a circadian rhythm, although the very high rates at hour 48 occur much earlier than expected for the third peak of a circadian oscillation.
RESULTS
Since variability in the plant material selected for the different measurement periods could produce abnormal oscillations, we also excised pulvinus-rachilla samples at the beginning of the dark period and monitored these same samples throughout the 48-or 52-h experimental period. This method had the additional advantage of permitting us to compare the effects of sucrose and H20 on the rate of 02 uptake.
Measured values indicate rates of 02 uptake of a pulvinus attached to the rachilla. To determine the contribution of the rachilla, the pulvinus was removed and discarded in half of the flasks but left intact in the others. Figure 2 shows data from three replicate experiments. The rates of respiration of the rachillae with attached pulvini oscillate with a circadian rhythm, although the amplitude of the oscillation decreases considerably during the second cycle. Maxima occur at hours 13 and 30 to 36, while minima are evident at hours 4, 26 to 28, and 48. Variations in the rates of respiration of rachillae are also apparent, but they do not form a consistent pattern, and therefore are not considered significant.
The rates of 02 uptake by the pulvinus-rachilla samples are three to five times as high as those of the rachillae alone, although the dry weights of the former are only twice those of the latter. Thus, the rachilla appears to make a relatively small contribution Figure 3a , to determine the 02 consumption of the pulvinus alone.
Figure 3a reveals circadian oscillations in the rate of 02 uptake whether pulvini are supplied with H20 or sucrose. Sucrose has a smali promotive effect on the rate of 02 uptake during the first cycle, especially the closure phase, and a larger effect during the second cycle. To determine whether promotion during the first cycle is statistically significant, we monitored additional samples from hours 19 to 21 and found that the rates of 02 uptake on a dry weight basis are 18% ± 11% (mean ± SE, nine experiments) higher for sucrose-treated samples than for H20 controls.
The angles of excised pulvini begin to increase 2 h after excision (Fig. 3b) . This is earlier than in the intact plant and might be a result of excision. The angle increases until the peak of the 02 uptake rhythm, then remains constant until 20 h, although the rate of 02 uptake decreases during this period. A second larger peak angle was reached at 37 h, coincident with the second peak of the 02 rhythm. Incubation in sucrose increases the angle of opening by about 100 but has no effect on minima at hours I and Figure 1 are probably about 10%o higher than occurs in the intact plant.
DISCUSSION
Circadian rhythms in the rate of 02 uptake or CO2 output have been reported for many plants (reviewed in ref. 1) . It is of interest that the rate of 02 uptake by the total Samanea pulvinus is rhythmic, since the K+ content of the total pulvinus shows no temporal variation (7) despite large circadian rhythms in the K+ content of both extensor and flexor cells. If there are also respiratory rhythms in cells on both sides of the pulvinus, the rhythms must either be in phase, or 02 uptake by cells on one side or the pulvinus must be far greater in magnitude than that of cells on the opposite side. The large decrease in the amplitude of the respiratory rhythm during the second cycle, method 2, could be a consequence of maintaining the pulvini in a C02-free atmosphere for the entire experimental period.
The respiration rates in Figures 1 and 3 are in the range reported for actively growing tissues (11) even though the pulvini selected for our experiments were mature organs that had attained maximum size. Rachillae, which have lower K+ than pulvini (7) (2) , although two H+ ions appear to be transported through the plasmalemma of Neurospora for each ATP hydrolyzed (10) .
Integration of the area under the curve in Figure 3a Figure 1 than in Figure 3 , and the angle of opening, which is proportional to K+ and Cl-mobility (8) , is also higher (1100 compared to 600). It seems likely that the increase in respiration rate during pulvinar opening is associated with increase in activity of ion pumps that aid in the accumulation of K and Cl in extensor cells and in the loss of these ions from flexor cells. The decrease in respiration rate immediately after maximum angle has been achieved could then be due to decrease in energy required for maintenance of steady-state, while the further decrease during pulvinar closure could be associated with decrease in pump activity during the "leaky" phase of the cycle (6) . Nevertheless, such a conclusion cannot be firmly drawn; the complete loss of K+ and Cl-from extensor cells when leaflets close completely, ie. to 00 or negative values, suggests that an active secretory process takes place during the latter portion of the closure cycle (8) .
Sucrose is required for oscillations to persist during extended dark periods (5, 9), yet it has only a small promotive effect on the respiration rate (Fig. 3) . Furthermore, excised darkened pulvini whose rhythm has damped during 96 h of darkness still have starch deposits in their chloroplasts (3). It therefore seems unlikely that the main function of sucrose is that of respiratory substrate. Another possibility suggested by electrophysiological experiments of Racusen and Galston (4) , is rhythmic proton-sucrose co-transport, which alters the membrane potential and might affect K+ and Cl-rhythms. If this interpretation is correct, it will be important to determine the relationship between this electrophysiological function of sucrose and its role as respiratory substrate.
